A typical paradigm in the investigation of complex human disease is to assess the effects of cis-regulatory polymorphisms implicated in association studies on transcription in cellular expression systems. Evidence from in vitro transfection studies is often assumed to be sufficient evidence for the in vivo functional importance of a polymorphism in the context of human disease, even though many confounding effects (e.g. temporal regulation, tissue specificity, genetic background) are not considered. In this study, we evaluate this assumption directly by examining the translation of in vitro results on allele-specific expression to an in vivo system using four genes that have been well documented through reporter assays to have promoter polymorphisms affecting transcription level: monoamine oxidase A (MAOA), neuropeptide Y (NPY ), endothelial nitric oxide synthase (NOS3), and prodynorphin (PDYN ). In our study, MAOA was found to have large allelic imbalances, which indicates that there is in vivo variation in the expression of this gene. However, the imbalances observed were not correlated with genotype at the putatively functional polymorphism. PDYN, NOS3 and NPY did not have large allelic imbalances. Overall, there was no statistically significant effect of these polymorphisms on expression level as measured by imbalance ratios in any of these genes. These results suggest that the functional effects of a polymorphism on gene expression may be more complicated and context dependent than is often assumed and also imply that the use of cell-based expression studies to support the role of such polymorphisms in disease etiology should be treated with caution.
INTRODUCTION
There is a growing consensus that gene expression changes are likely to play an important role in human phenotypic variation and, in particular, in disease predisposition (1, 2) . Consistent with this, experimental evaluation of the effects of genetic variation on gene transcription plays an important role in the effort to dissect the genetic bases of human complex disease. However, there is limited information on how human genetic variation affects expression levels and how that translates into phenotypic variation.
In the investigation of complex disease, it is common to assess the effects of polymorphisms that are implicated in association studies on transcription in cellular expression systems (2) . Most frequently, expression differences are assayed by transfecting each allele separately into a cell line. It is unknown, however, whether differential expression in vitro typically translates into differential expression in vivo. Cellular systems are also not useful for ascertaining temporal (i.e. developmentally regulated) and tissue-specific effects of polymorphisms. Despite these limitations, evidence from transfection studies is often accepted as sufficient evidence for the functional importance of a polymorphism in the context of human disease (2 -4) .
Allele-specific expression offers a method to assess these limitations by accurately comparing the expression levels of two putatively functional alleles in native tissue. Allelespecific expression has recently been used in a number of studies, providing evidence for cis-acting sites causing large expression differences in native tissue (5 -9) . In many cases, the variant that causes this expression difference has been validated, either through disease association studies (7) or by transfecting cell lines (6, 8, 9) . However, little effort has been made to test for in vivo effects in the large number of genes that have shown evidence of an imbalance in vitro.
In this study, we use allele-specific expression to assess the applicability of genetic variants with experimentally determined in vitro expression effects in human tissue. Using # The Author 2007. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org human brain tissue, we assayed four genes [monoamine oxidase A (MAOA), neuropeptide Y (NPY ), endothelial nitric oxide synthase (NOS3 or eNOS), and prodynorphin (PDYN )] that have been determined in vitro to harbor common promoter variants that affect expression (10 -20) . We conclude that there is no correlation between the effects of polymorphisms on expression in cellular constructs and the effects on expression in native tissue, a point previously demonstrated in the gene SLC6A4 by Wang and Sadée (8) .
RESULTS

Study design
Our basic study design was to identify samples that were heterozygous for one or more polymorphisms that were present in the mRNA (referred to here as 'reporter polymorphisms') in order to identify samples for each gene in which allele-specific expression assays were possible. All such samples were then genotyped for the upstream variant that putatively affects expression level. The effect of this variant (here called 'functional variant') in the tissue studied was then inferred by comparing the allelic imbalances for samples with different genotypes at the functional variant. In particular, in the simplest case where the variant in question was the only determinant of expression, we would expect to see that the two homozygotes have no imbalance and that the heterozygotes (for the functional variant) would either have one or two imbalance levels, depending on the phase arrangement between the reporter and the functional variant in the sampled samples. More generally, an effect of the functional variant could be inferred by comparing the variability in imbalance scores amongst the samples of each genotypic class (Fig. 1) .
Accuracy of methods
PDYN and NPY were subjected to pyrosequencing assays, while NOS3 was analyzed using real-time PCR. To compare methods, MAOA was analyzed using both pyrosequencing and real-time PCR. For MAOA, there was a high correlation between pyrosequencing results and real-time PCR results (P , 0.0001, r 2 ¼ 0.9032), although real-time PCR did tend to return higher ratios than pyrosequencing for this gene. Because of this inconsistency, only the pyrosequencing data were used to calculate the final ratios for MAOA. Both methods produced fairly consistent results: the average standard deviation for a sample for replicates across all runs was 0.07 for NPY, 0.10 for PDYN, 0.15 for NOS3, and 0.11 (pyrosequencing) and 0.12 (real-time PCR) for MAOA. In contrast, the total standard deviation of all composite allelic ratios across all tissues for all samples was 0.14 for NPY, 0.19 for PDYN, 0.17 for NOS3, and 1.05 (pyrosequencing) and 0.82 (real-time PCR) for MAOA. This demonstrates that while observed allelic ratios for a sample on a single run could vary by up to 30%, in the case of MAOA the variation between samples was much greater than the variation found within replicates of a sample. This makes it possible to distinguish between samples that truly have an allelic imbalance and those that do not.
An analysis of the apportionment of variance within runs and between runs, where each run involves a separate initial PCR mix, was also performed for each gene. It is often the case in studies of allele-specific expression that only one run is performed per sample, and it is assumed that the standard deviation for replicates within this run accurately reports the amount of variation one can expect for that sample. In contrast, we found that when comparing the amount of variation within runs to the amount of variation between runs, on average the amount of variation within runs only accounts for 70% of the total variation for NPY, 60% for PDYN, 58% for NOS3 and 61% for MAOA. This demonstrates that there is nearly as much variation between runs as there is within runs, and multiple runs should be performed in the future to account for this extra source of variation.
For MAOA and PDYN, more than one reporter single nucleotide polymorphism (SNP) was used. A fundamental assumption of allele-specific expression analysis is that since allelic ratios are normalized by the gDNA ratio obtained in each sample, the imbalance ratio obtained in the cDNA should not be influenced by the identity of the reporter SNP. Indeed, this was the case in our sample, as the correlation between allelic ratios obtained using different reporter SNPs was high (P ¼ 0.0020, r 2 ¼ 0.8180). This correlation was calculated using a regression model with data from both genes.
Allelic ratios were obtained from cDNA from four different brain regions for each sample. Regression analysis was performed to compare the ratios obtained for each sample in each tissue (Supplementary material, Table S1 ). When there was a significant correlation between multiple tissues for a gene, only one tissue is presented. For MAOA and NOS3, only frontal cortex is presented, as allelic ratios from this tissue were highly correlated with those from all other tissues. For NPY and PDYN, allelic ratios from temporal cortex were highly correlated with those from frontal cortex and occipital cortex, but allelic ratios from cerebellum were very different. For this reason, both temporal cortex and cerebellum are presented for these genes.
MAOA
There are four alleles of the functional MAOA-uVNTR polymorphism: 3, 3.5, 4 and 5 (10, 11) . Alleles 3.5 and 4 show higher expression than allele 3 in transfected cell lines (10, 11, 14) , while allele 5 has been reported to have either high (10) or low (11) expression. The high linkage disequilibrium between the functional polymorphism and our reporter SNPs (rs6323 and rs1800464, both T/G) allows us to infer that 97 -99% of the time 3/4 heterozygotes should have a T/G ratio between 2 and 10 ( Fig. 1) . Instead, ratios seem to be a continuous trait that extends from 0.26 to 5.10 ( Fig. 2) . Many 3/4 heterozygotes have ratios very close to one. There are some samples that show large allelic imbalances, however most of these have ratios of far less than one. Overall, the results presented are inconsistent with results from studies of transfected cell lines, where the 4 allele was more highly expressed than the 3 allele (10,11). There was also no significant difference between ratios found in functional homozygotes and those found in heterozygotes according to the regression analysis (Supplementary Material, Table S2 ).
Balciuniene et al. (21) found that in autopsied cortical brain tissue, MAOA expression level was correlated not with the MAOA-uVNTR but rather with a haplotype formed by this VNTR and the genotype at a SNP in the neighboring gene MAOB (rs1799836). Haplotype 3G was found to have lower expression than other haplotypes in their study. We also genotyped this SNP to see if there was an association between the 3G haplotype and lower expression. We found no such association (data not shown).
There was one 3/5 heterozygote in our sample set, which exhibited a large expression imbalance between the two alleles (T/G ratio of 0.29 in the frontal cortex). Although the phase of this heterozygote is uncertain, the large imbalance is contrary to the results found by Sabol et al. (11) , which report no expression difference between alleles 3 and 5.
Our results indicate that some samples that are heterozygous for alleles 3 and 4 at the MAOA-uVNTR have an expression imbalance; however, this imbalance is a continuous trait and overall shows no statistical dependency on the VNTR polymorphism (Supplementary Material, Table S2 ).
NPY
We examined 22 samples that were heterozygous for the functional SNP, rs16147 (12, 15) . Because of the high linkage disequilibrium between this functional SNP and our pyrosequencing reporter SNP (rs9785023), all of the double heterozygotes examined are expected to exhibit an allelic ratio between 2.5 and 5 ( Fig. 1) . Instead, the ratios observed were very close to 1 and formed a continuous distribution in temporal cortex from 0.74 to 1.28, with no bias towards higher ratios observed (Fig. 3) . Two samples, C673 and C591, did seem to exhibit a true imbalance, with ratios of 0.32 and 0.54. This was true only in the cerebellum, however, which had very low amplification and was therefore more prone to variable and questionable results.
Since we only analyzed samples that were heterozygous for the functional variant, it was not possible to use a regression model to interpret its effect. However, the pattern of imbalance ratios exhibited in our study is inconsistent with results from transfection studies.
NOS3
The T allele of the promoter SNP rs2070744 has been shown in reporter assays to increase transcription levels 2-fold over Figure 1 . Phase arrangements and allelic imbalance expectations. PDYN: the reporter SNP was used to calculate the allelic imbalance as a ratio T to C. At the functional locus, the 3 allele is expected to show higher expression than the 1 or 2 allele. When the sample is homozygous for the functional variant (a 3/3 or a 2/2), no imbalance is expected. For samples that are heterozygous at the functional variant, in the case where the T allele is paired with the 3 allele, a ratio larger than one is expected. When the T allele is paired with the 1 or 2 allele, a ratio of less than one is expected. Due to low linkage disequilibrium, phase was not able to be determined for this gene. However, even in the case of phase uncertainty, an effect of the functional variant should still be discernable due to the greater variability in imbalance in heterozygotes than in homozygotes. NOS3: the reporter SNP was used to calculate the imbalance as a ratio of C to T. For the promoter variant, the T allele is expected to show higher expression than the C allele. As in PDYN, when the sample is homozygous for the promoter variant, no imbalance is expected. High linkage disequilibrium in this gene allowed us to infer that 96.5% of double heterozygotes would have the phase promoter T with reporter C, promoter C with reporter T, resulting in an expected ratio greater than 1.
Ã If one takes the intronic VNTR into account, there are now two types of double heterozygote (phase assigned with .96% certainty): one has the phase promoter C with VNTR 4 and reporter C, promoter C with VNTR 5 and reporter T, while the other has the phase promoter T with VNTR 5 and reporter C, promoter C with VNTR 5 and repoter T. In this case, both heterozygotes are expected to have a ratio of less than 1. MAOA: the reporter SNP was used to calculate the allelic imbalance as a ratio T to G. At the functional locus, the 4 allele is expected to show higher expression than the 3 allele. As in PDYN, when the sample is homozygous for the functional variant (3/3 or 4/4), no imbalance is expected. High linkage disequilibrium in this gene allowed us to infer that 97-99% of double heterozygotes would have the phase 4 with T, 3 with G. Therefore all 3/4 heterozygotes assayed in this study are expected to have an allelic ratio greater than 1. NPY: the reporter SNP was used to calculate the allelic imbalance as a ratio T to C. At the functional locus, the C allele is expected to show higher expression than the T allele. Due to high linkage disequilibrium, all samples in our study that were heterozygous for the reporter SNP were also heterozygous for the functional SNP, and all were in the same phase. Therefore, all samples studied are expected to have an allelic ratio greater than one. R Human Molecular Genetics, 2007, Vol. 16, No. 16 the C allele (16 -19) . We utilized a T/C reporter SNP (rs1549758) to assess allelic imbalances. The high linkage disequilibrium between the two SNPs allowed us to infer that 96.5% of the time a sample heterozygous for the functional variant should have a C/T ratio from the reporter SNP of about 2 (Fig. 1) . Instead, most heterozygotes have ratios of less than 1, and allelic imbalance in general presents as a continuous trait without regard to genotype of the promoter SNP (Fig. 4) .
Wang et al. (20) use reporter assays to demonstrate that transcription level is not controlled solely by the promoter SNP, but also by a VNTR in intron 4. They show that the combination of the C allele for the promoter SNP and five repeats for the VNTR results in the highest level of expression, whereas the combination of the T allele for the promoter SNP and five repeats for the VNTR results in the lowest level of expression. The combination of either the T or C allele with four repeats results in intermediate levels of expression. We sampled two types of heterozygotes in our study: those homozygous for the C allele of the promoter variant but heterozygous for the VNTR, and those homozygous for the five repeat allele of the VNTR but heterozygous for the promoter variant. High linkage disequilibrium allowed us to infer that all of our C4/C5 samples should have reporter C/T ratios of about 0.7, and 96.5% of our T5/C5 samples should have reporter C/T ratios of about 0.25 ( Fig. 1) . Both sets of heterozygotes do tend to have ratios below 1 in our dataset; however, most of our samples that are homozygous for both variants also have ratios below 1 (Fig. 4) . Regression analysis shows no effect of either variant, taken separately or considered together, on allelic imbalance (Supplementary Material, Table S2 ).
There were two samples with unique haplotypes that could not be analyzed in the regression. The phase arrangements for these samples were C4/T5 (C750) and T4/T6 (C591). A ratio greater than 1 is expected for C750 according to in vitro evidence from Wang et al. (20) , while there is no prior expectation of imbalance level for C591 since the six-repeat allele of the VNTR has not been previously studied. Both samples show ratios lower than 1, although convincingly so only in C591.
The non-synonymous coding SNP rs1799983, which is often reported to be associated with disease (reviewed in 22,23), was also examined, both by itself and as part of a haplotype with the promoter SNP and VNTR. It was not found to affect imbalance levels (data not shown). 
PDYN
There is a functional promoter VNTR for PDYN which has four alleles: 1,2,3, and 4, the last two demonstrating 150% the expression of the first two in reporter assays (13) . We utilized two reporter SNPs (rs910080, rs6045819, both T/C) to analyze allele-specific expression. There was low linkage disequilibrium between these SNPs and the VNTR variants, so phase was not able to be assigned. T/C ratios were therefore expected to be either 1.5 (T with 3) or 0.67 (C with 3) (Fig. 1) . In our results (Fig. 5) , most of the samples had an allelic ratio near 0.67. However, this imbalance was present in samples that were both homozygous and heterozygous for the VNTR, and there was no statistically significant correlation between imbalance ratio and genotype at the functional variant according to the regression analysis (Supplementary Material, Table S2 ).
Genetic determinants of allelic imbalance
Our analyses suggest that in each case studied above the putative cis-acting regulatory variant has little or no impact on gene expression in the studied tissues. This still however leaves open the possibility that other cis-acting sites may be affecting imbalance levels. To check for whether common polymorphisms present in our samples may affect imbalance we used a tagging strategy. The studied samples were each genotyped using the Illumina HumanHap550 Genotyping BeadChip. Since we were looking for cis-acting sites, we restricted attention in each case to only those SNPs that are in or within 10 kb of each of the genes studied. SNPs that met these criteria were examined for association with imbalance level (Supplementary Material, Table S4 ). No SNPs were suggestive of influencing imbalance in MAOA, NPY or NOS3. For PDYN, one SNP, rs6045733, seemed to be correlated with allelic imbalance (permuted P ¼ 0.03530). Heterozygotes for this SNP had consistently lower ratios than homozygotes in temporal cortex, with similar trends in frontal and occipital cortex (Fig. 5) . The trend was not seen in cerebellum. However, the significance of this SNP does not stand up to correction for multiple testing, and there were only three homozygotes in our study.
DISCUSSION
Expression analysis is an increasing focus in studies of both normal variation and genetic contribution to disease. . Allelic ratios for PDYN in temporal cortex and cerebellum. Ratios obtained in temporal cortex were highly correlated with those obtained from frontal and occipital cortex, while cerebellum was not. While most samples have an imbalance in favor of the C allele, this pattern is independent of genotype at the reportedly functional VNTR. Those samples marked with an asterisk are homozygous for rs6045733. Heterozygotes for this SNP had larger imbalances than homozygotes for all tissues except cerebellum. There has been little empirical evaluation, however, of how well cell-based expression assays reflect expression patterns in human tissue relevant to the disease or phenotype under study. At one extreme, the effect of regulatory variants may be general, applying to most tissues, most genetic backgrounds and most environments. At the other extreme, the effects of variants may be highly dependent on developmental stage, tissue type, genetic background and the precise environmental context. Where reality sits in this spectrum is currently almost entirely unknown.
In this study, we examined four variants that had been previously shown to affect expression levels in transfected cells. Three of these variants are extremely well documented as affecting transcription in vitro, the results having been replicated in multiple cell line types by multiple groups (10 -12,14 -20) . We found varying levels of allelic imbalances for these genes; however, not one of the genes showed an imbalance pattern consistent with previous findings. There is the possibility that the presence of multiple cis-acting sites masked the effect of the variants we studied; however, it is clear that the functional variants studied are not the major contributors to allelic imbalance in the brain regions examined. In fact, for all genes analyzed, there was no consistent or significant effect of the 'functional variant' on expression patterns at all ( Table 1 ). The imbalance results we present are not artifacts, however, since imbalance levels consistently replicate within our sample set and it is well known that true allelic imbalances can be accurately detected when they exist (24, 25) . Our results therefore imply that it is important to perform allele-specific expression in native tissue when measuring the effect of a variant on gene expression level. If the expression difference that is found in transfected cell lines is not found in the tissue of interest, or is not found in a manner that coincides with the hypothesis of how this variant affects the phenotype, then the evidence from the transfected cell lines is close to meaningless. It is vital to keep context in mind when interpreting expression data. For NPY, NOS3 and PDYN, there were indications of modest imbalances for some samples; however, there was no evidence for any effect of the functional variant on imbalance ratio.
In the case of MAOA, there does appear to be a cis-acting site that causes a large difference in expression between the two alleles of some samples. However, this is true only for some samples heterozygous for the promoter VNTR, and the direction of the effect is inconsistent. Most of our samples that displayed a large imbalance displayed it in a direction contrary to that expected from transfection studies, while in general the expression differences presented as a continuous trait. This is consistent with other studies of allele-specific expression in native tissue, which have also found gene expression differences to present as a continuous trait (6 -9) . This suggests that cis-acting sites may be very sensitive to modifiers, with multiple environmental or transacting sites contributing to the continuous distribution of imbalances.
Pinsonneault et al. (27) also looked for allelic imbalances in MAOA in human brain tissue. They too found that imbalances occurred but were independent of genotype at the promoter VNTR. They genotyped several SNPs in MAOA and found an association between allelic imbalance and rs6323, rs2205718, rs979606, rs979605, rs1801291, rs3027407 and rs909525. Rs6323 was our reporter SNP and showed a wide range of imbalances, so it is not the causal variant. We genotyped rs1801291, rs3027407 and rs909525, and also rs2235186, which has an r 2 of 1 with rs2205718, rs979606 and rs979605. None of these SNPS were correlated with allelic imbalance in our sample. Although there is weighty evidence for a cis-acting site affecting expression in MAOA, it appears that the causal variant has yet to be identified.
The potentially confounding effect of X-inactivation must be considered when analyzing the imbalances observed in MAOA. Since allele-specific expression of MAOA can only be studied in females, random X-inactivation could create an additional source of uncertainty and variability. However, it has previously been shown that MAOA is one of the many X-chromosome genes that escapes inactivation (26) . It has also been shown that allelic imbalances in MAOA are not correlated with which X is inactivated (27) .
Although we genotyped tagging SNPs in each of the four genes to attempt to locate the variant causing imbalance, no convincing variant was found. There was no correlation between any of the SNPs genotyped and allelic imbalance for MAOA, NPY or NOS3. For PDYN, one SNP, rs6045733, was found to be associated with imbalance level in cortical tissue but not cerebellum. It is difficult to tell if this SNP is truly influencing transcription, however, since there were only three homozygous samples in our study. It is also difficult to postulate how this SNP would affect transcription levels, as it is positioned 8.5 kb after the gene ends and is not in the vicinity of any alternative transcripts. Finally, we should emphasize that this analysis was based on a tagging panel of SNPs and would not be expected to well represent rare variants present in our sample. It is therefore likely that there are variants present that affect imbalance patterns that have not been detected.
Taken together these results imply that regulatory polymorphisms are generally highly complex and dependent on unknown modifiers. Transfection studies can be useful in adding further evidence to an imbalance already observed in vivo, but a transfection study alone should not be considered evidence for a functional polymorphism in reference to a given phenotype, since there seems to be no correlation between expression level changes observed in cell lines and those present in native tissue. This implies that if we are to understand how polymorphisms affect phenotypes of interest, then a framework will be needed for assessing the affects of polymorphisms in native tissue, with attention given to the possibility of tissue specificity of effects as well as modification by the genetic and environmental background. This argues for the development of large-scale mapping efforts that use allele-specific expression and other assays to map the effects of polymorphisms in vivo and to compare their effects across tissue types and developmental stages. After variants that affect allelic imbalance in vivo have been found, in vitro approaches can be utilized to understand the causes of the imbalance. Some promising starts have been made, as some recent studies have begun to use allele-specific expression to identify functional variants (6 -9) . This is an important step in making the connection between phenotype and genotype. Instead of using transfection experiments as a follow-up to association results, studies of allele-specific expression in multiple tissues should be extended to these genome wide searches. This will be a difficult challenge, but it must be seen as a necessary component to association studies on end phenotypes.
MATERIALS AND METHODS
Samples
Post-mortem tissue samples were collected from 32 patients that had been diagnosed with Alzheimers Disease (AD) and 31 controls with no diagnosis of dementia. All patients were recruited to a study run by the ADRC and consented to the use of their brain tissue for research (IRB No. 0182-03-5R3). Samples were obtained from four brain regions for each individual: temporal cortex, frontal cortex, occipital cortex and cerebellum. Brain tissue was obtained through the Kathleen Price Bryan Alzheimer's Disease Brain Bank at Duke University. Control subjects (n ¼ 31) were between the ages of 56 and 90 (mean 85.5 yrs) and consisted of 14 males and 17 females. AD subjects (n ¼ 32) were between the ages of 79 and 90 (mean 83.5 years) and consisted of 8 males and 24 females. The samples were not categorized as cases or controls for this study, however, as the genes we studied were not thought to affect or be affected by AD. Brain tissue was flash frozen in liquid nitrogen and stored at 2808C until extraction. DNA was extracted using the Puregene Kit w (Gentra) according to the manufacturer's instructions. Total RNA was extracted using the RNeasy w Lipid Tissue Purification Kit (Qiagen) according to the manufacturer's instructions. Concentrations were checked using a Molecular Devices M2 spectrophotometer. cDNA was produced from 5 mg total RNA in a 100 ml reaction using the High Capacity cDNA Synthesis Kit (Applied Biosystems) according to the manufacturer's instructions.
Genotyping of samples
For the MAOA-uVNTR (variable number of tandem repeats), the NOS3 VNTR, the NOS3 promoter SNP rs2070744 and the PDYN VNTR, PCR was performed in 16 ml reactions using 30 ng of gDNA. The reaction conditions for PDYN were as stated in Zimprich et al. (13) with the addition of 0.5 ml DMSO per reaction. The reaction for the MAOA-uVNTR and the NOS3 VNTR and SNP consisted of 1Â PCR Buffer II (Roche), deoxynucleoside triphosphates each at 0.2 mM, 0.025 units/ml of Amplitaq Gold w (Roche), 2 mM MgCl 2 , 5% DMSO, and 0.5 mM forward and reverse primer. The following touchdown PCR was used: 5 min at 94ºC, then 8 Â (30 s at 94ºC, 30 s at 64ºC -56ºC (decreasing by one degree each cycle), 30 s at 72ºC), then 25 Â (30 s at  94ºC, 30 s at 56ºC, 30 s at 72ºC) . The PCR products for all VNTRs were visualized on 4% agarose gels. The PCR product for rs2070744 was visualized using a 3730 DNA Analyzer (Applied Biosystems). For NPY-rs16147, NOS3-rs1799983 (a common nonsynonymous coding SNP) and MAOB-rs1799836 (used to determine haplotype in MAOA), PCR was performed in 5 ml reactions using 1Â TaqMan w (Applied Biosystems) universal PCR master mix, 1Â assay and 30 ng of DNA, using the following conditions: 10 min at 958C followed by 40 Â (15 s at 928C and 1 min at 608C). Results were then obtained using a 7900 HT Fast real-time PCR System. SNPs with high heterozygote frequencies located in the mRNA of MAOA, NPY, NOS3, and PDYN were chosen for use as reporter SNPs. The SNPs utilized were rs6323 (MAOA, G/T, exon 8), rs1800464(MAOA, G/T, exon 4), rs9785023(NPY, C/T, exon 2), rs1549758(NOS3, C/T, exon 6), rs910080 (PDYN, C/T, 3 0 -UTR) and rs6045819 (PDYN, C/T, exon 4). For genotyping of the SNPs in MAOA, NPY and PDYN, 2 ml of DNA were used in a 50 ml PCR. The conditions for this PCR were as described above for genotyping of the MAOA-uVNTR, except that the amplification time used was 20 s instead of 30. The product was then analyzed using the pyrosequencer, a PSQ 96 MA. For genotyping of the SNP in NOS3, PCR was performed using a TaqManw (Applied Biosystems) assay, as described above. Samples that were heterozygous for the reporter SNP were then analyzed using allele-specific expression. The genotypes at the functional loci for these samples are shown in Figures  2 -5 . Primer sequences are available in Supplementary Material, Table S3 .
Allele-specific expression using pyrosequencing Allele-specific expression was performed for MAOA, PDYN and NPY with the same procedures listed for genotyping reporter variants: PCR was run in a 50 ml reaction and the results, measured as peak heights, were obtained from a pyrosequencer. For each sample, a run consisted of three to five replicates (separate reactions, same PCR mix) of gDNA and three to five replicates (separate reactions, same PCR mix) of cDNA from each tissue. Each replicate was analyzed separately, and for each sample, between one and seven such runs (different PCR mix) were performed. Breaking replicates up in this manner allowed us to determine how sensitive pyrosequencing was to different sources of variation.
Allele-specific expression using real-time PCR For MAOA-rs6323 and NOS3-rs1549758, allele-specific expression was performed using a TaqMan w -based quantitative real-time PCR assay. Real-time PCR was performed in a 10 ml reaction containing 0.4 ml cDNA or gDNA, 1Â universal primer mix and 1Â assay. For each sample, two replicates of gDNA and two replicates of cDNA from each tissue were performed for each run. For each sample, two runs were performed. The results from the real-time PCR, measured in Ct values, were obtained using a 7900 HT Fast Real-Time PCR System. A standard curve was calculated from the relationship between log 10 (ng input DNA) and resultant Ct values, with separate curves for Vic and Fam. The amount of each allele present in each sample was calculated using the equation 10 ((Ct-intercept)/slope) , where intercept and slope are from the standard curve.
Data processing
The raw data obtained from pyrosequencing and real-time PCR were controlled for quality before being analyzed. For pyrosequencing, if the peak heights for both alleles of the SNP were less than 4, the data were not used, except when all of the peak heights for a sample were low (this was the minority of cases), in which case the data were analyzed by hand to determine validity. For real-time PCR, if both alleles had a Ct value outside the range of the standard curve, the data were not used.
To determine allelic ratios, the score (peak height for pyrosequencing, nanograms of cDNA or gDNA for real-time PCR) of one allele of the SNP was divided by the score of the other allele. For each run, the average allelic ratio of the gDNA for a sample was then determined. All of this sample's cDNA allelic ratios from this run were divided by the sample's average gDNA ratio, to normalize them. Normalizing the cDNA ratios by the gDNA ratios negates the effect of any biased amplification. The average standard deviation for replicates within each run was 0.07 (relative to the expected ratio of 1 when there is no imbalance) for MAOA and NPY, 0.08 for PDYN and 0.10 for NOS3, so as a measure of quality control, runs with a standard deviation greater than 0.5 were discarded. The average of all normalized cDNA ratios from all replicates across all valid runs were averaged to create one composite ratio per tissue for each sample.
Phase calculation
The probability of potential phase arrangements between the functional and reporter variant for each sample was calculated using the program PHASE, utilizing the genotypes of all 63 of our samples at all loci (28, 29) . For MAOA and PDYN, a second reporter SNP was also used, as a further check for sources of variation. Phase probabilities from PHASE were used to assure that the ratios obtained from these second reporter SNPs would be in the same orientation as those ratios obtained from the original reporter SNPs.
Statistical analysis
We developed a regression model to test whether the functional variant had any impact on imbalance ratios for each gene. The ratios obtained for each sample were assessed by the regression model ln(ratio) ¼ b 0 þ b 1 x 1 þ b 2 x 2 , where x 1 was the probability that phase was in configuration 1 and x 2 was the probability that phase was in configuration 2 (see Fig. 1 for examples) . Samples that were homozygous for the functional SNP had a zero entered for both x 1 and x 2 . The null hypothesis for this model was that the imbalance ratio obtained in homozygotes was equal to the ratios obtained in the two possible phases of heterozygotes, indicating no effect of the functional variant. The alternative hypotheses were that either one phase or the other of heterozygotes had an allelic ratio that was not equal to that found in the homozygotes. This regression model was analyzed for MAOA, PDYN and NOS3. We could not use this regression model for NPY, as all samples were heterozygous for the functional allele. For NOS3, a second regression model was also utilized, one that took genotype at both the promoter variant and the intronic VNTR into account. For this regression, there were three configurations of heterozygotes possible, resulting in the regression model ln(ratio)
Because of our relatively small sample size, the model was analyzed using 10 000 permutations in a multiple linear regression program written by Pierre Legendre [(30) , available at http://www.bio.umontreal.ca/Casgrain/en/labo/regression. html].
All other regression analyses and ANOVAs were performed using STATA 9.2 (31) using the natural log of the allelic ratio. Regressions were run to look for correlations between allelic ratios obtained from different tissues, correlations between different reporter SNPs within a gene and correlations between pyrosequencing and real-time PCR results. To determine apportionment of variance within runs and between runs, an ANOVA was first performed using STATA, with all replicates of a sample categorized by which run they were from. Variance components were calculated as in Sokal and Rohlf (32) . Each tissue of each sample received its own estimate for the percent of total variation that could be attributed to variation within runs and variation between runs. All percentages were then used to obtain the average percent of total variation that was accounted for by variation within runs for each gene.
Finding genetic determinants of allelic imbalance
Each sample was genotyped using the Illumina HumanHap550 BeadChip according to the manufacturer's instructions. Genotypes for all SNPs within 10 kb of each gene studied were extracted. Each SNP was analyzed using STATA 9.2 (31). A t-test was used to determine if there was a difference between the mean ratio of the homozygotes and the mean ratio of the heterozygotes. In case phase was switched for some heterozygotes, causing large ratios in one type and small ratios in the other, a test of equal variance was also performed. Any SNPs that looked suggestive by either of these two tests were then assigned phases using PHASE (28, 29) and tested by regression, as described above.
